ABSTRACT
engineered composites are prevalent in industry, including polymer matrix, ceramic matrix and metal matrix composites. Metal matrix composites (MMCs) are made of a continuous metallic matrix and one or more discontinuous reinforcing phases. The reinforcing phase may be in the form of fibers, whiskers or particles. Now a day's metal matrix composites (MMCs) are replacing conventional materials in many applications because of their superior properties such as high strength to weight ratio, hardness, stiffness and wear and corrosion resistances over conventional materials. Silicon carbide particle (SiCp) reinforced aluminium-based MMCs are among the most common MMC and commercially available ones due to their economical production. In addition, the development of stir casting route for synthesis has brought down their cost to an acceptable level compared to those processed by powder metallurgy and spray casting process [1] [2] [3] .
Particulate metal matrix composites have produced economically by conventional casting techniques. However, the stiffness, hardness and strength to weight ratio of cast MMCs are increased, but a substantial decrease in ductility has obtained. It has observed that some improvements in strength and ductility has found with the application of plastic forming processes i.e. forging to the cast composites. The forged MMCs having better mechanical properties compared to cast MMCs, such as it improves density, hardness and tensile strength etc. The forging process also avoids the use of secondary operation like machining. The forgeability is one of the important parameter, which gives information regarding the limitation of forging.
Ismail Ozdemir et.al [4] studied on the effect of forging on the properties of particulate-SiC reinforced aluminium-alloy composites. They have shown that the forged samples had strength values superior to those of the as-cast counterparts. After forging, the yield strength and tensile strength increased and there has improvement in ductility of the composite material. L. Ceschini et.al [5] [6] studied on forging of the AA6061/23 vol. % Al 2 O 3 p & AA2618/20 vol. % Al 2 O 3 p composite: Effects on microstructure and tensile properties. They have shown that forging process induced a slight increase in hardness, tensile strength, elastic modulus and an evident increase in tensile elongation. SEM analyses of the fracture surfaces of the tensile specimens showed substantially similar morphologies for the as-cast and forged composites, both at room and high temperature. W. He, et.al [7] studied on the microstructure and mechanical properties of an Al/SiC composite cold die forged gear. They have observed that cold forging of SiC reinforced Aluminium based metal matrix composites reduce the grain size, defects, and the fracturing of the secondary phase and SiC particulates. Because of a cold plastic deformation, a large crystal distortion occurred resulting in the increase in the dislocation density that enhanced mechanical properties. The minimum isostatic pressure to prevent fracturing during cold die forging has found to be 650 MPa.
Despite superior physical, mechanical properties and low production cost, particulate reinforced metal matrix composites are not widely used in industry because of their poor machinability. The [8] [9] [10] . Machinability, an ill-defined term, encompassing such diverse properties as surface finish of the product, rate of tool wear, chip formation, and cutting forces required in machining, is the relative ease or difficulty of removing material in transforming a raw material into a finished component. Machinability testing aims at evaluation of the comparative machining performance of work piece, cutting tools, cutting fluids, and establishment of machining conditions producing a satisfactory part meeting desired dimensional surface finish and functional integrity economically.
Machinability of a particular material has evaluated by assessing any one of the following five parameters: (a) tool life or wear, (b) surface finish of test piece, (c) cutting force requirement, (d) power requirement, and (e) cutting temperature. Therefore, in the investigation of machinability, the cutting speed, feed rate and the depth of cut are important parameters.
El-Gallab and Reddy [11] [12] [13] [14] have emphasized on the surface roughness in their study on the machinability of the 20% of SiCp reinforced Al-MMC. By performing dry turning tests with different cutting parameters, they have investigated the effect of processing parameters on surface roughness. They have found that large chip depths and high cutting speeds reduce the surface roughness. Li and Seah [15] investigated the machinability of MMC that contains different amounts of SiC, especially in terms of the size and ratio of particle reinforcement. According to the results, when the percentage of reinforcement element in MMC exceeds a critical point, the wear in settings will increase.
Weinert [16] have analyzed the mechanical properties of and applied machining on the composites that include SiC and Al 2 O 3 particles at different sizes and ratios and that has produced by pressure coating method. Sahin [17] studied the effect of different particle sizes of SiC and machinability properties of these Al-MMC materials. It was noticed that the hardness and density of Al-MMC increased by addition of SiCp. Ciftci et al. [18] examined tool wear in machining SiCp reinforced Al-MMC and reported that coated carbide cutting tool produced a longer tool life, but uncoated type provided a better surface quality. A. Manna et al. [19] studied on the machinability of Al/SiC-MMC; they have shown that the built-up edges (BUE) have formed during machining of Al/SiC-MMC at high speed and low depth of cut. The tool wear i.e. flank wear rate is high at low cutting speed due to the generation of high cutting forces and formation of BUE.
J.T. Lin et.al [20] studied on machinability of a silicon carbide reinforced aluminium metal matrix composite (A 359/SiC/20 p ) by using PCD (polycrystalline diamond) inserts. They have examined the machinability at cutting speeds of 300,500,700 m/min. and feed rates of 0.1, 0.2 & 0.4 mm/rev., while the depth of cut has kept constant. They have observed that the cutting time decreases with increasing cutting speeds and feed rates. They also concluded that the surface roughness increases with increasing feed rates at constant cutting speed and the best surface finish has achieved when the tool has slightly worn rather than when it is fully sharp. N. Muthukrishnan et al. [21] investigated the machinability of Al-SiC metal matrix composites using PCD inserts. They have concluded that specific power consumption, which is one of the important indications of the machinability of the material decreases with the increasing cutting speed, feed and depth of cut in case of three different grades of PCD inserts (i.e. 1300, 1500, & 1600). They have also observed that the surface finish was superior at higher cutting speeds and at lower feed rates.
In the present study hardness and forgeability of 5 and 10 wt.% of SiCp reinforced LM6-MMC, the effect of SiCp reinforcement on the machinability and the effects of machining parameters such as cutting speed and depth of cut at constant feed rate on surface roughness and the cutting forces has been investigated.
EXPERIMENTAL STUDIES

Production of Metal Matrix Composite
Well-known aluminium alloy i.e. LM6, is used as matrix metal in the experiments for the fabrication of the composites that has been reinforced with 5 and 10 wt. % of SiC particles of 400 mesh size. The chemical composition of the matrix material (LM6) was given in Table- 1. The composites were fabricated by the liquid metal stir casting technique. The small ingots of LM6 is melted in clay graphite crucible using an electric resistance furnace and 3wt.% Mg has been added with the liquid metal, in order to achieve a strong bonding by decreasing the surface energy (wetting angle) between the matrix alloy and the reinforcement particles. The addition of pure magnesium has also enhanced the fluidity of the molten metal. Before mixing of the silicon carbide particles with the liquid LM6, particles was preheated at 900 0 C for 2-3 hours to make their surface oxidized. The melt was mechanically stirred by using a mild steel impeller and then the pre-heated silicon carbide particles (at 900 0 C) added with the stirred liquid metal. The processing of the composite was carried out at a temperature of 720 0 C with a stirring speed of 400-500 rpm. The melt was poured at a temperature of 690 0 C into a stepped green silica sand mould. The 3D model of the pattern with its dimension is given in Fig.1. Fig.2 shows the stirring of liquid LM6 with the preheated SiCp and Fig.3 shows the wooden pattern and casting of MMC. 
Performing Experiments
The produced SiC p reinforced LM6 stepped cast MMCs was cut and the required sample prepared in order to examine the hardness and the forgeability. The samples were polished by 60, 280 and 320 Grit papers and the hardness measured by using Wilson Rockwell Hardness Tester. The forgeability test has been carried in a conventional hydraulic press machine (PEECO Hydraulic Pvt. LTD., Manual Type, 200 KN Capacity) at cold condition by upsetting method. Machining tests of specimens have been carried out in a conventional universal lathe machine (Golden Machinery Corporation, 8speeds ranges from 30 to 750 rpm). The cutting tool has fitted in a rigid tool holder SYSCON made SPL 20083. The selected cutting tool was HSS and its geometry has given in Table- 3. Chip breaker was not used during the experimental study. The machining tests were conducted under dry cutting process. The selected machining parameters are given in Table 2 . The cutting forces (Ft, Ff and Fr) have been measured at different cutting speed and depth of cut at constant feed rate by using SYSCON Instrument made tool dynamometer. Surface roughness values (Ra and Rz) have been measured by using MITUTOYO make PORTABLE SURFACE ROUGHNESS TESTER. Depth of cut(mm) 0.5-1.0-1.5
Reinforcement ratio SiC p (wt. %) 5-10 Table 3 . Cutting Tool Geometry
RESULTS AND DISCUSSION
Microstructure of As Cast MMCs
Samples of as cast MMCs for metallographic examination were prepared by grinding through different size of grit papers followed by polishing with 6 µm diamond paste. Then the samples were etched with the etchant i.e. Keller's reagent (2.5 ml Nitric acid, 1.5 ml HCl , 1.0 ml 
Hardness and Forgeability
The hardness of the casting should be uniform throughout the casting. This is, if the distribution of the reinforcement particles throughout the casting is uniform. However, other factors such as cooling rate, gravity effect and non-uniform distribution of the particles in the casting will give different values of hardness. The experimental data shows the hardness of the cast metal matrix composites increase proportionally by increasing the weight percentage of SiC particles in the casting and the value of hardness is higher in the middle section in comparison to the both end section of stir cast MMCs reinforced with 5 wt% & 10 wt% of SiCp. Hardness value changed due to variation of reinforcement ratio and thickness of the casting, which has shown in Fig.6 . This has occurred because of non-uniform cooling of the stepped casting during solidification of the cast metal. Moreover, the presence of extremely hard (2480 Knoop Hardness) SiCp in the matrix LM6 plays a significant role in increasing the hardness value. This experimental result was more or less similar by some researcher (the details given below), however they have manufactured the MMCs in different technique. Tamer Ozben et al. [22] determined on increasing the weight percentage of SiCp i.e. 5-15 in Al-Si alloy the hardness of squeeze cast metal matrix composites increases and maximum hardness found at 15 wt% of SiCp i.e. about 48% higher than the matrix metal. Y. Sahin et al. [17] reported that the hardness of the SiCp/AlSi alloy composites (produced by vacuum infiltration method) increased linearly with increasing particulate content in the matrix metal. The limit of forgeability is expressed as the critical reduction in height, % crit, by the following 
Surface Roughness
In this study, the effect of SiCp reinforcement to LM6-MMC material at different ratios on surface roughness have been investigated at selected cutting speed and depth of cut, keeping feed rate constant. The Fig.10 shows the relationship between surface roughness and cutting speed during dry turning at different depth of cut (i.e.0.5mm, 1.0mm & 1.5mm) and constant feed rate (i.e.0.05mm/rev.) of 5 wt% and 10 wt % SiCp reinforced cast MMC material. It has observed that both the value of surface roughness i.e. Ra & Rz decreases on increasing the cutting speed at different depth of cut and constant feed. The surface roughness is higher in case of samples having higher percentage of reinforcement compare to samples, which have relatively low percentage of reinforcement particles. This above results occurred might be due to the presence of extremely hard SiCp in the cast MMCs, during turning at low cutting speed the removed SiC particles has rolled over the machined surface and deteriorate the quality of the surface finish.
Tamer Ozben et al. [22] observed that when the cutting speed increases the surface roughness decreases and on further increasing the cutting speed, the surface roughness (Ra) increases during turning of Al-Si7Mg2-MMCs reinforced with 5 and 10wt% of SiCp. But, for 15wt%SiCp reinforced MMCs the value of surface roughness increases with the cutting speed. A. Manna et al. [24] reported that dry turning of Al/SiC/15p at constant feed (0.5 mm/rev.) and depth of cut (0.5mm), the values of surface roughness Ra & Rt are low at high cutting speed and vice versa. They also reported that on increasing the feed rate and depth of cut, the surface roughness increases and when the value of feed rate tripled i.e. from 0.25 to 0.75 mm/rev. then the value of surface roughness (Ra) increases by 40%.
In Fig. 11 , the surface roughness has examined in terms of increase in depth of cut. Because of examination, on increasing the depth of cut during turning at constant feed rate and different cutting speed, the surface roughness values i.e. Ra & Rz increases. It has been also observed that the samples having higher percentage of reinforcement particles i.e. SiCp have high surface roughness compare to MMC samples having lower percentage of reinforcement particles. As during dry machining of this cast MMCs, the removal of SiC particles cause some small gaps on the machined surface. It has estimated that this condition caused an increase in the surface roughness of experiment samples that have higher weight percentage of SiCp compare to lower weight percentage of SiCp. Tamer Ozben et al. [22] reported that on increasing the percentage of SiCp in Al-Si7Mg2 alloy matrix, the surface roughness value (Ra) increases with feed rate during turning of the MMCs. Jinfeng Leng et al. [25] reported that with the addition of 3-7% flaky graphite particles, the machinability of SiC/Al composites improved greatly and the tool life has prolonged by 10-130%. 
CONCLUSIONS
In the present investigation, the hardness and forgeability of stir cast LM6 reinforced with 5 and 10 wt% SiCp was examined at the different section of the stepped casting and the effect of weight percentage of SiCp on machinability of the cast MMCs has been evaluated. The effect of machining parameters like cutting speed and depth of cut on machinability has also studied at constant feed rate.
i. With increasing the weight percentage SiCp in cast MMCs, the hardness increased and the value of the hardness is high at the middle section of the casting compared to both end section of the casting. The forgeability i.e. percentage of deformation decreases on increasing the percentage of SiCp and the middle part of the casting (i.e. section-II) shows low forgeability comparison to the both end sections in the step casting component because accumulation of higher percentage of SiCp. That indicates the distribution of SiCp is not uniform through out the casting. ii.
The machinability of MMC is different from the traditional materials because of presence abrasive reinforcement particles. During turning operation, the cutting forces (Ft, Ff & Fr) have increased with increase in weight percentage of SiCp. iii.
At constant feed rate and different cutting speed, the cutting forces are increases on increasing the depth of cut. That indicates the power consumption during machining of aluminium alloy MMCs will increases on increasing the depth of cut at the same condition. iv.
The surface roughness of as cast MMCs enhanced on increasing the weight percentage of SiCp. During turning of as cast LM6-MMC samples, the surface roughness increases on increasing the depth of cut at constant feed rate and different cutting speed. v.
Surface roughness also affected by cutting speed during turning of aluminium MMCs that is on increasing the cutting speed at constant feed rate the surface roughness decreases.
